The presence of a DNA lesion in the genome of a eukaryotic cell triggers activation of complex, highly coordinated DNA damage response pathways. Historically, these mechanisms have been referred to as checkpoints, owing to their important role in causing cell cycle arrest following genotoxic stress. The same pathways also fulfill additional functions, including regulation of apoptosis, telomeres, DNA repair, and transcriptional programs (69) . Such regulatory mechanisms ensure the integrity of genetic information and thereby maintain genomic stability. In the absence of these surveillance functions, mutations can accumulate and lead to various cellular defects, including tumor development in mammals (26) .
Mammalian cells use two partially separable DNA damage signaling pathways to respond to distinct forms of genome damage. Double-stranded DNA breaks (DSB) induce a pathway that centers on the phosphatidyl 3-kinase-related protein kinase Atm, which phosphorylates and activates downstream checkpoint proteins, such as the transcription factor p53 and the protein kinase Chk2 (30) . Atm is dispensable for responses to other forms of genotoxic stress, including the bulky DNA lesions caused by UV light or the inhibition of DNA synthesis caused by hydroxyurea (HU). Instead, UV and HU activate a second mammalian checkpoint pathway headed by Atr (ataxia telangiectasia and Rad3 related) (69) . In UV-or HU-treated cells, Atr phosphorylates and activates the downstream kinase Chk1 (37, 67) . Similarly, in Xenopus laevis extracts, xAtr phosphorylates xChk1 in response to UV, as well as in response to inhibition of DNA replication (23, 27) . It must be noted that there is evidence for significant cross talk between the Atmand Atr-dependent signaling cascades, as both pathways become activated by ionizing radiation (IR) to some extent, and Atm and Atr share some of the same downstream substrates (69) .
Additional key mammalian DNA damage response factors are the evolutionarily conserved checkpoint proteins Hus1, Rad1, Rad9, and Rad17. Hus1, Rad1, and Rad9 physically associate, forming the so-called 9-1-1 complex (53, 57) . Each of these proteins bears predicted structural similarity with proliferating cell nuclear antigen (see reference 56 and references cited therein), a homotrimeric sliding clamp that is loaded onto DNA by the five-subunit replication factor C (RFC) complex (43) . Interestingly, Rad17 shares homology with RFC proteins and associates with several RFC subunits, forming a putative clamp loader (36) . Rad17 also interacts with the 9-1-1 complex (48) and is required for the DNA damage-induced association of Rad9 with chromatin (71) , consistent with a model in which DNA damage triggers Rad17-dependent loading of the 9-1-1 complex onto DNA. Reduction of Rad17 expression by RNA interference (71) or targeted deletion of Hus1 (59) causes dramatic defects in genotoxin-induced Chk1 phosphorylation by Atr. However, the precise role of the proposed checkpoint sliding clamp in DNA damage signaling remains unclear.
In response to genome damage, the mammalian DNA damage response signaling cascades prevent entry into S phase (the G 1 /S checkpoint), slow progression through S phase (the intra-S or S-phase checkpoint), and block entry into mitosis (the G 2 /M checkpoint). The experiments described in this study deal with the latter two mechanisms. Genome damage during S phase prompts a down-regulation of DNA synthesis. This occurs through a checkpoint-dependent process, as first evidenced by the finding that cells mutated for Atm fail to inhibit DNA synthesis in response to IR, a phenomenon known as radio-resistant DNA synthesis (reviewed in references 34 and 49) . Several Atm substrates, including Nbs1 (19, 35, 61, 68) , Brca1 (62) , Chk2 (15) , and Smc1 (32, 65) are also required for repression of DNA synthesis after IR and act cooperatively in parallel signaling pathways downstream of Atm (16) . Recent studies suggest that a second, Atm-independent checkpoint pathway also functions in S phase, regulating DNA synthesis when cells suffer other types of genome damage besides DSB (22) or following transient blockage of DNA replication (17) . Experiments in both yeast and mammalian systems suggest that S-phase checkpoints function by inhibiting replicon initiation at late-firing replication origins in the presence of DNA damage (34, 49, 50, 52) .
The G 2 /M DNA damage checkpoint blocks mitosis in cells with genome damage, thereby preventing the transmission of DNA lesions to daughter cells. Both Atm (30) and Atr (9, 11) are necessary for this cell cycle checkpoint response to IR. Downstream substrates of these kinases are required for the initiation (37, 62, 64) or maintenance (5, 28) of G 2 -phase arrest after genome damage. In fission yeast (Schizosaccharomyces pombe), Hus1, Rad1, Rad9, Rad17, and the Atr homolog Rad3, among others, are also required for proper functioning of the G 2 /M DNA damage checkpoint (8) . In both fission yeast and mammals, this checkpoint functions at least in part through control of Cdk1, a key regulator of the G 2 /M transition (44) .
Many of the molecular details regarding the mammalian intra-S and G 2 /M DNA damage checkpoints remain poorly understood. We previously reported the generation of cells lacking mouse Hus1 by gene targeting, and here we utilize these reagents to gain insights into the molecular mechanisms of mammalian cell cycle checkpoint responses. In short-term viability assays, Hus1-deficient fibroblasts demonstrate heightened sensitivity to UV and HU but show only slight sensitivity to IR (58) . In this study, we examined whether Hus1-null cells possess a cell cycle checkpoint defect that might underlie this genotoxin hypersensitivity. Though dispensable for the G 2 /M DNA damage checkpoint, Hus1 was found to be essential for an S-phase cell cycle checkpoint that inhibits DNA synthesis in response to particular genotoxins. Defects in this S-phase checkpoint correlated with genotoxin sensitivity in Hus1-null cells, suggesting that this Hus1-dependent intra-S checkpoint may be an important determinant of genotoxin sensitivity in mammalian cells and thus also a potential therapeutic target.
MATERIALS AND METHODS
Cell culture, genotoxin treatments, and cell survival assays. Previously described Hus1 ϩ/ϩ p21 Ϫ/Ϫ and Hus1 Ϫ/Ϫ p21 Ϫ/Ϫ mouse embryonic fibroblasts (MEFs) (58) , as well as the corresponding complemented cell pools (59), were cultured in Dulbecco's modified Eagle medium (Dulbecco's MEM) supplemented with 10% fetal bovine serum, 1.0 mM L-glutamine, 0.1 mM MEM nonessential amino acids, streptomycin sulfate (100 g/ml), and penicillin (100 U/ml). Simian virus 40-transformed control (GM00637) and NBS (GM15989) human fibroblasts were obtained from the Coriell Cell Repositories and cultured in Eagle's MEM supplemented with 15% fetal bovine serum, 1.0 mM L-glutamine, 0.1 mM MEM nonessential amino acids, streptomycin sulfate (100 g/ ml), and penicillin (100 U/ml). For UV irradiation, the culture medium was removed, cells were washed once with phosphate-buffered saline (PBS) and exposed to 254-nm-wavelength UV light in an XL-1500 Spectrolinker (Spectronics Corp), and fresh medium was placed onto the cells. For IR treatment, cells were irradiated with a 137 Cs source (Mark 1 Irradiator; J. L. Sheperd and Sons) at a dose rate of approximately 2 Gy/min. For benzo(a)pyrene dihydrodiol epoxide (BPDE) (NCI carcinogen repository) or bleomycin (Sigma) treatment, the genotoxin was added directly to the medium, and cells were then incubated for 1 h, after which time the genotoxin-containing medium was removed, cells were washed once with PBS, and fresh medium was added. For short-term viability assays, 10 5 cells per six-well dish well were cultured for 3 days following dimethyl sulfoxide (DMSO) or BPDE treatment and then harvested by trypsinization, incubated with trypan blue dye, and counted. For clonogenic survival assays, cells were plated on 10-cm-diameter dishes, treated with DMSO or BPDE, and then cultured in normal medium. After 14 days, the cells were fixed, stained with crystal violet, and photographed. G 2 /M DNA damage checkpoint assay. MEFs at a density of 10 6 cells per 10-cm-diameter dish were mock or genotoxin treated and, after a 30-min incubation, the cells were then incubated in medium containing nocodazole (0.1 g/ml; Sigma) for 5 h. Cells were harvested by trypsinization, washed in PBS, and fixed in 70% ethanol at Ϫ20°C. Cell staining was performed as described by others (60) . Briefly, cells were permeabilized in 0.25% Triton X-100, incubated with antiphosphohistone H3 antibody (Upstate Biotechnology) overnight at 4°C, washed, incubated with fluorescein-conjugated goat-anti-rabbit immunoglobulin G (Jackson Immunoresearch), washed, treated with RNase A, and stained with propidium iodide. Flow cytometry was performed on a FACSCalibur flow cytometer (Becton Dickinson), and data were acquired and analyzed using CellQuest software (Becton Dickinson).
Radioresistant DNA synthesis assay. Cells were plated at a density of 0.33 ϫ 10 5 per well of a six-well dish and labeled for 24 h in medium containing [methyl- 14 C]thymidine (10 nCi/ml; 55.4 mCi/mmol; NEN Life Science Products, Inc.) to provide an internal control for total DNA content. The cells were washed once with PBS and then incubated for 24 h in nonradioactive medium. After genotoxin treatment, cells were incubated for 30 min and then labeled for 1 h in medium containing [methyl-3 H]thymidine (2.5 Ci/ml; 2.0 Ci/mmol; NEN Life Science Products, Inc). The radioactive medium was then removed, and unincorporated nucleotides were removed by washing the cells three times in ice-cold 5.0% trichloroacetic acid. The cells were then solubilized in 0.3 N NaOH, followed by neutralization with glacial acetic acid. Radioactivity was quantitated with a liquid scintillation counter, and the 3 H/ 14 C ratio was calculated after correction for channel crossover between emissions from the two isotopes.
Antibodies and immunoblotting. Rabbit anti-Chk1 (FL-476) was purchased from Santa Cruz Biotechnology and rabbit antiphosphoserine 345 mouse Chk1 (catalogue no. 2341) was purchased from Cell Signaling Technology. Total cell lysates were prepared in Triton lysis buffer (20 mM Tris-HCl [pH 8.0], 100 mM NaCl, 0.5% Triton X-100, 10 mM NaF, 1 mM Na 3 VO 4 , 1ϫ protease inhibitor cocktail [Boehringer Mannheim]). Soluble protein was recovered after centrifugation at 10,000 ϫ g for 10 min, and protein concentrations were determined by Bradford assay (Bio-Rad). Aliquots (50 to 100 g) of total cell lysate were resolved on sodium dodecyl sulfate-10% polyacrylamide gels and transferred to polyvinylidene difluoride membranes (NEN). Immunoblotting was performed by standard methods and signal detection was by chemiluminescence (Pierce).
Terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) assay. Fluorescein-labeling of DNA strand breaks and fluorescence-activated cell sorting (FACS) analysis were performed using a cell death detection kit (Roche) according to the manufacturer's instructions. After drug treatments (performed as described above), the growth medium containing nonadherent cells was removed from the culture dishes and retained. Remaining adherent cells were detached by trypsinization and combined with the nonadherent population. The pooled cells were fixed for 1 h in 4% paraformaldehyde in PBS (pH 7.4) and then permeabilized in ethanol overnight at 4°C. After two washes in PBS, the cells were resuspended in labeling mix containing fluorescein dUTP and terminal deoxynucleotidyltransferase for 1.5 h. The labeled cells were washed once in PBS and then resuspended in PBS prior to FACS analysis. Appropriate negative controls (unlabeled cells) were included to test for autofluorescence on the FL1-H channel.
RESULTS
Mouse Hus1 is dispensable for the G 2 /M DNA damage checkpoint. Fission yeast hus1 ϩ is required for cell cycle arrest prior to mitosis in cells treated with DNA replication inhibitors or DNA damaging agents such as UV or radiomimetic drugs (14) . To address whether mouse Hus1 is similarly required for proper functioning of the G 2 /M DNA damage checkpoint, we examined whether Hus1-deficient cells were capable of arresting the cell cycle in G 2 phase following genotoxic stress. Although Hus1-deficient MEFs fail to proliferate in culture, likely as a consequence of spontaneous chromosomal abnormalities which occur in the absence of Hus1 (58), deletion of p21 rescues this growth defect, allowing for serial culture of Hus1 Ϫ/Ϫ p21 Ϫ/Ϫ MEFs and examination of the role of Hus1 in the G 2 /M checkpoint. The integrity of the G 2 /M checkpoint was assessed by culturing mock-or genotoxin-treated cells in the presence of the microtubule inhibitor nocodazole. Nocodazole disrupts the mitotic spindle and traps cells in mitosis, allowing for identification of cells that have passed through the G 2 /M checkpoint. The duration of G 2 phase is approximately 4 h in the Hus1 ϩ/ϩ p21 Ϫ/Ϫ and Hus1 Ϫ/Ϫ p21 Ϫ/Ϫ MEFs (R. Weiss, unpublished observations). Therefore, in the experiments described below, a 5-h nocodazole treatment was used to trap cells in mitosis, ensuring that we examined all cells that were in G 2 phase at the time of genotoxin treatment. Mitotic cells were quantitated by flow cytometry, after staining with antibodies specific for the mitotic marker serine10-phosphorylated histone H3 (60) , an approach capable of detecting the defective G 2 /M checkpoint response to IR in cells lacking Atm (62) .
Representative results from an analysis of the G 2 /M checkpoint response to UV irradiation are shown in Fig. 1 . An asynchronous, untreated culture of Hus1 ϩ/ϩ p21 Ϫ/Ϫ MEFs contained a small fraction of serine10-phosphorylated histone H3-positive mitotic cells (2.0% of the total population), and this subpopulation was significantly enriched after treatment with nocodazole, increasing to 14.8% after 5 h. Similar results were obtained with unirradiated Hus1 Ϫ/Ϫ p21 Ϫ/Ϫ MEFs, with the small proportion of mitotic cells in untreated cultures (2.8%) increasing to 19.0% after nocodazole treatment. UV irradiation of Hus1 ϩ/ϩ p21 Ϫ/Ϫ cells triggered cell cycle arrest, as evidenced by the finding that only 2.7% of UV-irradiated Hus1 ϩ/ϩ p21 Ϫ/Ϫ cells were in mitosis after nocodazole treatment, compared to 14.8% for the unirradiated control. Thus, as expected Hus1 ϩ/ϩ p21 Ϫ/Ϫ MEFs possess an intact G 2 /M DNA damage checkpoint that prevents entry into mitosis after UV irradiation. Importantly, Hus1 Ϫ/Ϫ p21 Ϫ/Ϫ cells also reduced entry into mitosis after UV treatment (3.1% of Hus1
Ϫ/Ϫ cells in mitosis after UV irradiation compared to 19.0% for the matched unirradiated control). These results suggest that, unlike fission yeast hus1 ϩ , mouse Hus1 is not required for the G 2 /M checkpoint that responds to UV.
G 2 /M cell cycle checkpoint function in Hus1-null and control cells was then tested in response to other genotoxins. These experiments utilized pools of Hus1 ϩ/ϩ p21 Ϫ/Ϫ and Hus1
Ϫ/Ϫ MEFs stably transduced with retroviruses encoding either Hus1 or, as a control, GFP (59) . Similar to the results described above for parental Hus1 ϩ/ϩ p21 Ϫ/Ϫ and Hus1
) demonstrated reduced transit into mitosis following UV irradiation (Table 1 ). In similar experiments using IR as the DNA damaging agent, all three cell pools again exhibited normal G 2 /M cell cycle checkpoint responses. Finally, activation of the G 2 /M DNA damage checkpoint was assessed in cells treated with BPDE, which forms bulky guanine adducts (29) . Surprisingly, BPDE was a relatively poor inducer of the G 2 /M DNA damage checkpoint, and many cells proceeded into mitosis after BPDE exposure. Nevertheless, the lack of G 2 -phase arrest following BPDE treatment was independent of Hus1 status.
In the experiments described in Fig. 1 and Table 1 , it was possible that a small subpopulation of the cells examined for G 2 /M checkpoint function was in late S phase at the time of genotoxin treatment. To eliminate this possibility we repeated the G 2 /M checkpoint analyses using a protocol in which cells were harvested 1 h after genotoxin treatment and without nocodazole. The results of these experiments, which detected only cells that were in G 2 phase at the time of genotoxin treatment, are shown in Table 2 . Consistent with the previous analyses ( Fig. 1 Hus1 functions in an intra-S DNA damage cell cycle checkpoint. An intra-S cell cycle checkpoint oversees DNA replication and slows DNA synthesis in cells with genome damage. Hus1 homologs from S. pombe and Saccharomyces cerevisiae participate in S-phase responses to genome damage (14, 38, 41) . Therefore, we examined whether mouse Hus1 might regulate DNA synthesis in response to DNA damage in mammalian cells. DNA synthesis was quantitated 1 h following mockor genotoxin-treatment by measurement of 3 H-thymidine incorporation. The DNA damaging agent used in initial experiments was BPDE, which is known to activate a caffeine-sensitive, ATM-independent S-phase DNA damage checkpoint in mammalian cells (22) . As expected, Hus1 ϩ/ϩ p21 Ϫ/Ϫ MEFs showed a dose-dependent decrease in [ 3 H]thymidine incorporation after BPDE treatment ( Fig. 2A) . Importantly, Hus1
Ϫ/Ϫ MEFs were defective for this checkpoint response. For example, treatment of Hus1 ϩ/ϩ p21 Ϫ/Ϫ MEFs with 70 nM BPDE caused DNA synthesis to be reduced to 68.0% of that for untreated control cells, whereas Hus1 Ϫ/Ϫ p21 Ϫ/Ϫ MEFs treated with the same dose showed DNA synthesis at 97.0% of untreated control levels. At higher BPDE doses, DNA synthesis was significantly reduced in cells of both genotypes, possibly due to Hus1-independent checkpoint responses or physical stalling of replicative polymerases due to blocking lesions.
The kinetics of the BPDE-induced S-phase checkpoint were then assessed. When treated with a low dose of BPDE, Hus1 ϩ/ϩ p21 Ϫ/Ϫ MEFs showed a striking, yet transient, inhibition of DNA synthesis (Fig. 2B) . At 1 h after treatment with 100 nM BPDE, the level of DNA synthesis was 62.6% of that for untreated control cultures. At subsequent time points, the level of DNA synthesis gradually increased and reached the 100% level at approximately 5 h posttreatment. Hus1
Ϫ/Ϫ MEFs failed to execute the initial inhibition of DNA synthesis immediately after BPDE treatment and then showed gradually increasing levels of DNA synthesis at subsequent time points. Thus, Hus1-null cells are defective specifically for the rapid and transient repression of DNA synthesis that occurs after BPDE treatment.
To verify that the S-phase checkpoint defect in Hus1 Ϫ/Ϫ p21 Ϫ/Ϫ MEFs was due to the absence of Hus1, we tested whether reintroduction of Hus1 into Hus1 Ϫ/Ϫ p21 Ϫ/Ϫ MEFs would complement this phenotype (Fig. 2C) . As expected, cell pools stably transduced with the GFP-expressing retrovirus behaved similarly to the parental cells with respect to BPDEinduced inhibition of DNA synthesis. By 1 h after treatment with 100 nM BPDE, Hus1 ϩ/ϩ p21 Ϫ/Ϫ ϩGFP cells had reduced DNA synthesis to 66.0% of that for untreated control cells, while Hus1 Ϫ/Ϫ p21 Ϫ/Ϫ ϩGFP MEFs maintained high rates of DNA replication (92.0% of untreated control levels). Importantly, restoration of Hus1 expression in Hus1
MEFs, via a Hus1-expressing retroviral vector, resulted in a level of DNA synthesis after BPDE treatment that was 57.0% of that for untreated control cells. At present we cannot rule out an effect of p21 deficiency on these findings, as p21 has been implicated in the control of S-phase progression (45) . Nevertheless, the finding that reconstitution of Hus1 expression in Hus1-null MEFs fully complemented the S-phase checkpoint defect verifies that Hus1 is necessary for a BPDEinduced S-phase checkpoint. Hus1 is required for BPDE-induced Chk1 phosphorylation. Previously, we showed that the BPDE-induced S-phase checkpoint can be eliminated by overexpression of dominant-negative Chk1 or by preincubation of cells with a chemical inhibitor of Chk1 (22) 
Total cell extracts were immunoblotted with antibodies specific for either activated, serine 345-phosphorylated Chk1 (phospho-Chk1) or total Chk1. Hus1
cells treated with 100 nM BPDE showed transient Chk1 phosphorylation which peaked at 1 h after treatment (Fig. 3A) , coincident with maximal inhibition of DNA synthesis (see Fig.  2B ). In marked contrast, treatment of Hus1 Ϫ/Ϫ p21 Ϫ/Ϫ MEFs with 100 nM BPDE did not elicit Chk1 phosphorylation at 1 h after treatment. Increased levels of phospho-Chk1 did become apparent in Hus1 Ϫ/Ϫ p21 Ϫ/Ϫ MEFs at later time points following 100 nM BPDE treatment but never reached the peak levels observed in Hus1 ϩ/ϩ p21 Ϫ/Ϫ cells. Importantly, BPDE-induced Chk1 phosphorylation was restored to near-normal levels in Hus1 Ϫ/Ϫ p21 Ϫ/Ϫ MEFs that were stably transduced with a Hus1-expressing retrovirus (Fig. 3B) . These results indicate that Hus1 is required for optimal BPDE-induced Chk1 phosphorylation.
The defect in BPDE-induced Chk1 activation in Hus1-null cells was also readily apparent following treatment of cells with a higher BPDE dose (Fig. 3A) . Exposure of Hus1 ϩ/ϩ p21
MEFs to 1 M BPDE induced a rapid and transient appearance of phospho-Chk1, and this occurred to a greater extent than in response to 100 nM BPDE, demonstrating that Chk1 phosphorylation in Hus1-expressing cells was dose dependent. (Fig. 2A) . These findings are consistent with our previous results, indicating that high doses of BPDE cause S-phase arrest independently of Chk1 (22) , possibly due to stalling of replicative polymerases at sites of DNA damage (31) . Thus, the Hus1-and Chk1-dependent S-phase checkpoint pathway mediates transient S-phase arrest elicited specifically by low doses of BPDE.
These data suggested a role for Hus1 upstream of Chk1 in an S-phase checkpoint pathway. To test whether direct inhibition of Chk1 would perturb the S-phase checkpoint in mouse fibroblasts, we examined the effects of the Chk1 inhibitor UCN-01 (7, 20) on BPDE-induced inhibition of DNA synthesis (Fig. 3C) . Hus1 ϩ/ϩ p21 Ϫ/Ϫ cells were pretreated for 1 h with either 100 nM UCN-01 or DMSO as a control. Control and UCN-01-treated cultures then received 100 nM BPDE for 1 h, after which time relative rates of DNA synthesis were assessed by measurement of [ 3 H]thymidine incorporation. In Hus1 ϩ/ϩ p21 Ϫ/Ϫ cultures that did not receive UCN-01, BPDE elicited an inhibition of DNA synthesis to 58.2% of that for untreated control cells. While UCN-01 had no effect on basal rates of DNA synthesis (data not shown), cells that were pretreated with UCN-01 maintained high levels of DNA synthesis (93.0% of control levels) following BPDE exposure. Results from experiments with UCN-01 must be interpreted with caution, because this compound may affect other kinases besides Chk1. Nevertheless, these findings are consistent with the notion that Chk1 activation is necessary for BPDE-induced down-regulation of DNA synthesis. Overall, these results suggest that Hus1-dependent Chk1 phosphorylation and activation is required for a BPDE-responsive S-phase checkpoint pathway.
Hus1-null cells are hypersensitive to BPDE. During the course of these experiments, we noticed dramatic effects of high (1 M) doses of BPDE on the morphology of Hus1-deficient cells. Figure 4A shows 
p21
Ϫ/Ϫ cells were TUNEL positive after the same treatment, indicating that the bulky DNA adducts generated by BPDE induce apoptosis in Hus1-deficient cells.
Consistent with increased programmed cell death in BPDEtreated Hus1 Ϫ/Ϫ p21 Ϫ/Ϫ MEFs, cell viability assays demonstrated dramatic hypersensitivity to BPDE in Hus1-deficient cells. In short-term viability assays (Fig. 4C) 
Ϫ/Ϫ ϩGFP MEFs reduced DNA synthesis to 48.9% of unirradiated control levels (Fig. 5A ). Similar to results with BPDE-treated cells, Hus1 Ϫ/Ϫ p21 Ϫ/Ϫ ϩGFP MEFs were not fully functional for this checkpoint response and maintained a relatively higher level of DNA synthesis after UV irradiation (63.0% of that for unirradiated controls; t test, P ϭ 0.0052). This checkpoint defect was fully corrected in complemented Hus1 Ϫ/Ϫ p21 Ϫ/Ϫ ϩHus1 MEFs, in which UV elicited a reduction in DNA synthesis to 43.1% of that for unirradiated control cells. It is unclear why the S-phase checkpoint defect in UVirradiated Hus1-null cells is not as dramatic as that observed following BPDE treatment. However, UV is known to exert a broad range of effects on cells, including activation of stress signaling pathways for instance, that could contribute to Sphase arrest independently of Hus1. IR also elicited a significant inhibition of DNA synthesis in Hus1 ϩ/ϩ p21 Ϫ/Ϫ ϩGFP MEFs, with 5 Gy of IR inducing reduction of DNA synthesis to 56.0% of that for untreated control cells (Fig. 5B) . Interestingly, Hus1 Ϫ/Ϫ p21 Ϫ/Ϫ ϩGFP cells showed only a very slight defect in this S-phase checkpoint response, with DNA synthesis reduced after 5 Gy of IR to 60.0% of that for unirradiated control cells (t test, P ϭ 0.1259). This mild defect, though not statistically significant, was corrected in Hus1
ϩHus1 MEFs, which responded to IR by reducing DNA synthesis to 52.8% of unirradiated control levels. Consistent with these observations, Hus1 Ϫ/Ϫ p21 Ϫ/Ϫ ϩGFP MEFs also did not display significant defects in the capacity to repress DNA synthesis in response to the radiomimetic drug bleomycin (Fig.  5C) . Thus, mouse Hus1 is required primarily for S-phase cell cycle checkpoint responses to DNA lesions caused by genotoxins like BPDE and UV, and to a much lesser extent to DSB. Notably, this parallels the genotoxin sensitivity profile of Hus1-deficient cells, which display hypersensitivity to UV (58) and BPDE (this study) but show only slight sensitivity to IR (58) .
NBS1 is dispensable for the S-phase checkpoint that responds to BPDE. NBS1, the gene mutated in the human cancer predisposition syndrome Nijmegen breakage syndrome, is required for the S-phase checkpoint response to IR (47) . NBS1 becomes phosphorylated by the upstream kinase ATM in cells treated with IR but also becomes phosphorylated in UV-or and Hus1
MEFs were plated on 10-cm-diameter dishes at the indicated density, treated with BPDE, and then cultured in normal medium. After 14 days, the cells were fixed, stained with crystal violet, and photographed.
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HU-treated cells in an ATM-independent manner (19, 35, 61, 68) . Thus, NBS1 could be a common target for multiple Sphase checkpoint pathways that initially act in parallel to respond to distinct genotoxins. Alternatively, NBS1 might be required specifically for the S-phase checkpoint that responds to DSB-inducing agents like IR and radiomimetics, a notion that would be consistent with reports that the budding yeast homolog of NBS1 functions in a complex that is required to slow S phase in response to IR but not UV (12, 21) . To address these possibilities, we compared S-phase checkpoint responses in NBS and normal control human fibroblasts after treatment with IR or BPDE. Normal human cells showed a dose-dependent inhibition of DNA synthesis after IR treatment, with 5 Gy IR causing a reduction in DNA synthesis to 74.5% of that for unirradiated control cells (Fig. 6A) . Consistent with published results, NBS cells were partially defective for this response and maintained DNA synthesis after irradiation at 87.3% of control levels (t test, P ϭ 0.0312). BPDE treatment also potently elicited inhibition of DNA synthesis in the normal control fibroblasts, with 75 nM BPDE causing a reduction in DNA synthesis to 56.8% of that for untreated control cells (Fig. 6B) . Notably, DNA synthesis was inhibited to a nearly identical extent in BPDE-treated NBS cells, to 57.2% of control levels (t test, P ϭ 0.8568). To verify that this repression of DNA synthesis represented an active, checkpoint-dependent process, we tested whether this response could be abolished by pretreatment of the human fibroblast lines with caffeine, an inhibitor of Atm and Atr that inactivates S-phase checkpoint responses (2, 24, 51) . Pretreatment of control and NBS cells with caffeine blocked the S-phase checkpoint response to BPDE and in both cultures resulted in high levels of DNA synthesis after BPDE exposure (Fig. 6C ). These results demonstrate that the caffeine-sensitive, Hus1-dependent pathway that mediates the intra-S DNA damage checkpoint response to BPDE does not require NBS1 and further establish that two separable pathways mediate checkpoint responses to distinct types of genome damage during S phase.
DISCUSSION
In response to genotoxic stress, eukaryotic cells arrest cell cycle progression and induce DNA repair. During S phase, a DNA damage checkpoint responds to genome damage by actively repressing DNA replication. In this study, we demonstrate that inhibition of DNA synthesis in response to bulky DNA lesions caused by BPDE requires the murine DNA damage response gene Hus1. S-phase stress response mechanisms act in part to prevent mutagenic misreplication of damaged template DNA (18) . In addition, the same pathways function to prevent spontaneous and genotoxin-induced gross chromosomal rearrangements (33) . Thus, S-phase DNA damage responses are critical for the maintenance of genomic integrity. Consistent with this important role, mutations in genes required for S-phase checkpoint function, including ATM, NBS1, and BRCA1, result in genetic instability and cancer predisposition in humans.
While Hus1 was found to be essential for the inhibition of DNA synthesis in response to BPDE-adducted DNA and also to contribute to the repression of DNA synthesis after UV, Hus1-null cells showed largely normal S-phase checkpoint re- sponses to DSB-inducing agents such as IR and bleomycin. These findings show that two partially separable mammalian checkpoint pathways respond to distinct forms of DNA damage during S phase. Based on our results, we propose an updated scheme to describe the organization of mammalian intra-S checkpoint pathways (Fig. 7 ). An Atm-dependent pathway mediates S-phase checkpoint responses to DSB, while a Hus1-dependent and Atm-independent mechanism acts in parallel to respond primarily to other forms of genome damage. Multiple Atm substrates, including Brca1, Nbs1, Chk2, and Smc1, are believed to cooperate in mediating the S-phase checkpoint response to IR (16, 32, 65) . Nbs1, like other Atm substrates, not only becomes phosphorylated in response to IR but also in UV-and HU-treated cells (19, 35, 61, 68) . Although this raises the possibility that Nbs1 is a common target for several S-phase checkpoint pathways, NBS1 was found to be dispensable for the inhibition of DNA synthesis in BPDEtreated cells. These data further establish the fact that mammalian cells utilize at least two genetically distinct checkpoint pathways during S phase, possibly as a means to effectively sense different DNA lesions and subsequently induce appropriate repair mechanisms. The BPDE-induced S-phase checkpoint can be eliminated by pretreating cells with the Chk1 inhibitor UCN-01 or by overexpression of a dominant-negative form of Chk1 (22) . Consistent with the notion that Hus1 and Chk1 function in the same S-phase checkpoint pathway, Hus1-null MEFs showed a dramatic defect in BPDE-induced Chk1 phosphorylation on serine 345, an activating modification mediated by Atr (37, 67) . The downstream effectors of this Hus1-and Chk1-dependent pathway remain largely unknown. In response to UV, activated Chk1 phosphorylates and promotes the degradation of Cdc25A, an important positive regulator of Cdk2, and this likely plays a key role in controlling the G 1 /S transition as well as S-phase progression (15, 40, 42) . By analogy to the Atmdependent S-phase checkpoint pathway, in which multiple downstream factors act in parallel, there likely are additional Atr and/or Chk1 substrates that contribute to the regulation of DNA replication in cells with genome damage. The molecular mechanism of the Hus1-mediated intra-S checkpoint remains undefined. Potentially, the checkpoint could operate by inhibiting origin firing or by reducing the rate of chain elongation. In both yeasts and higher eukaryotes, checkpoint-mediated regulation of DNA synthesis following DNA damage is achieved primarily through control of DNA replication initiation, usually by inhibition of late firing origins of replication in damaged cells (34, 49, 50, 52, 55) . Accordingly, inhibition of DNA replication in cells treated with low doses of BPDE is associated with reduced initiation of DNA synthesis (3, 6, 10, 31) . Whether failure of this specific regulatory mechanism is the basis for the S-phase checkpoint defect in Hus1-null cells will require further investigation. However, Chk1 has been implicated in the regulation of late replication origins after transient blockage of DNA synthesis (17) and in a delayed response to IR (70) . Therefore, it appears most likely that the Hus1-and Chk1-mediated intra-S DNA damage checkpoint responds to BPDE and UV by inhibiting initiation of DNA synthesis. Following DNA damage, S. cerevisiae mutants with S-phase checkpoint defects additionally demonstrate irreversible replication fork collapse at high frequency (39, 55 ). An analogous role for mouse Hus1 in the stabilization of stalled replication forks is also possible.
Despite the fact that fission yeast hus1 ϩ plays a prominent role in preventing cells with genome damage from entering mitosis (14) , we failed to identify a requirement for mouse Hus1 in a G 2 /M DNA damage checkpoint. There are several possible explanations for this finding. First, it could be that Hus1 acts specifically during S phase in mammalian cells. Consistent with this possibility, the bulky DNA adducts produced by BPDE triggered a strong Hus1-dependent S-phase checkpoint response but were relatively poor at eliciting G 2 -phase arrest. Thus, DNA replication may be required for BPDEinduced lesions to be sensed and to trigger checkpoint signaling. A similar mechanism has been suggested for the cellular response to DNA interstrand cross-links, which also fail to elicit G 2 -phase arrest in normal mammalian cells and induce a checkpoint response only after passage of cells into S phase (1) . Conversely, IR induces a strong G 2 /M checkpoint response. Because DSB would be particularly problematic for a dividing cell, the mammalian G 2 /M checkpoint machinery might respond primarily to these lesions while allowing other forms of genome damage to be passed on to daughter cells for repair during the next cell cycle. Accordingly, Hus1, which appears to be dispensable for many responses to DSB, might not have a prominent role in the G 2 /M DNA damage checkpoint. Although UV irradiation generates bulky DNA lesions such as thymidine dimers, it also potently activated a G 2 /M checkpoint in our experiments. However, UV is known to have multiple biological consequences, including production of strand breaks and induction of membrane signaling. These additional UV-induced events might elicit G 2 -phase arrest through distinct mechanisms (4, 46) .
A role for mouse Hus1 in the G 2 /M checkpoint might be expected given that Atr and Chk1, which act in the same pathway as Hus1 (59) , are required for G 2 -phase arrest in response to diverse genotoxins (9, 11, 37, 54) . Indeed, it is somewhat surprising that Hus1-null cells show defects in DNA damageinduced Chk1 phosphorylation, which is believed to be required for the initiation of the G 2 /M DNA damage checkpoint (37, 54, 67) , yet are capable of G 2 -phase arrest in response to genotoxic stress. However, Chk1 serine 345 phosphorylation still occurs in Hus1-null cells, albeit to a greatly reduced extent. This limited Chk1 phosphorylation after DNA damage might be sufficient to activate the G 2 /M checkpoint but not the Sphase checkpoint. Alternatively, redundant mechanisms might mask a role for mouse Hus1 in the G 2 /M checkpoint. Potentially, the recently identified Hus1 paralog, Hus1B (25) , could mediate the G 2 /M DNA damage checkpoint in the absence of Hus1. However, unlike Hus1, Hus1B does not directly interact with Rad9, suggesting that it is not functionally equivalent to Hus1 (25) We observed a strong correlation between functioning of the Hus1-dependent S-phase checkpoint and genotoxin sensitivity. Hus1-null cells are hypersensitive to agents that normally elicit a Hus1-dependent S-phase checkpoint response, such as BPDE and UV, but show only slight sensitivity to IR, which triggers a predominantly Hus1-independent S-phase checkpoint (58; also this report). Therefore, the Hus1-mediated Sphase checkpoint mechanism could be an important determinant of genotoxin sensitivity in mammalian cells. Notably, the sensitivity of yeast checkpoint mutants to genotoxic stress has been attributed specifically to defects in S-phase functions (13, 14, 55) . In higher eukaryotes, however, the relationship between checkpoint responses and genotoxin sensitivity is poorly understood. With regard to the S-phase checkpoint that responds to IR, a correlation with radiosensitivity has not been observed (66) . However, recent work indicates that a G 2 /M checkpoint defect alone likewise does not confer genotoxin sensitivity, leading to the suggestion that multiple checkpoint defects within a cell may act synergistically to cause sensitivity (63) . If this is generally true, it may be that Hus1-null cells harbor another, as-yet-unidentified, cell cycle regulatory defect. Nonetheless, the Hus1-dependent checkpoint pathway described here represents another therapeutic target that potentially could be exploited to selectively sensitize tumor cells to anticancer treatments. 
